Introduction
Thoracic and abdominal organs are usually simulated in finite elements models (FEM) of the human body using viscoelastic or hyperelastic behaviour laws [1, 2] . Experimental investigations of organs mechanical behaviour under compressive loadings follow two ways: the use of tissue samples to give a local information that must be analyzed considering border effects [3] or the whole structure behaviour evaluation [4] . This last Journal of Biological Physics and Chemistry 9 (2009) 167-170 © 2009 Collegium Basilea & AMSI 2 method, at the organ level, must be coupled to an inverse analysis to improve identification process. This work aims to build a methodology to implement the liver behaviour in a FEM that is robust enough to describe the biological, intrinsic and experimental variability. It is based on an ongoing experimental characterisation of the liver under quasi-static compression and is a preliminary to the building of a model able to describe the damage of hepatic tissues.
Methods

Setting of behavior law
The FEM was build from CT-scan data [5] . The Glisson's capsule, modelled using shell elements, is assumed as elastic. The parenchyme, meshed with tetra elements of characteristic length about 6 mm, was set hyperelastic with a Mooney-Rivlin law (Eq. 1 et 2). Both structures were assumed as homogeneous and isotropic.
where W is the Helmholtz free energy function, I 1 et I 2 are the two first invariants of the Cauchy tensor C and C 10 et C 01 are two parameters of the law expressed in MPa.
Inverse analysis method
Model parameters were quantified through experimental uniaxial compression tests in the rear to front direction at 0.001 m/s (Figure 1 ). The experimental corridor (black curves in Figure 2 ) was build from the first results of this campaign. The identification methodology was based on an inverse analysis methodology which followed three steps:
Step 1: Space of potential responses exploration. In order to define the set of parameters for the behaviour law the design of experiments methods was used. The sampling method chosen was a 2 levels complete factorial design [6] Step 2: Model optimisation using a NLPQL method [7] applied to the relevant set of parameters of step 1. The optimisation function definition was the same as for the evaluation function replacing the reference curve in Eq.
3 with a standard curve of the upper part of the corridor obtained during a second experimental campaign. To attenuate geometrical differences between experimental and numerical livers, relative displacements defined by Step 3: Robustness analysis of the optimised model. Effects of isolated and crossed variations of the influent parameters were investigated in the neighbourhood of their optimal value (±10%).
Damage observation
As a first step toward damage integration in the model, the areas of potential damage are computed using the optimised model and compared to those noticed during the experimental tests. At the moment, the maximal values of the Von Mises equivalent stress were used as a way to isolated stress concentration areas which could be associated to damage occurrence in first approximation.
Results
Inverse analysis
The mean evaluation function obtained for the 16 treatments of the step 1 was 462%. The model sensitivity to one parameter p was evaluated calculating the corresponding contrast:
where N treat is the number of treatments performed for the design, Y i is the computed evaluation function and l i is the level of p for the treatment i (-1 if p is minimum and +1 if p is maximum) p was considered as influent once its contrast reached 5 ( Table 1) . The model was then independent of the density (alone or interacting with another parameter). On the other hand, with the used behaviour law the model exhibited a high sensitivity to ν, C 10 and C 01 with a high dispersion of the responses (Table 1 and Figure 3) . Moreover, the value of  is consistent with the hypothesis of incompressibility currently assumed [8] .
Damage observation
An approximate three-dimensional distribution of failure observed with experiments is given in the Figure 4 . We can then isolate 5 cracks: 3 are independent and 2 are coupled and form the main crack. Their direction of propagation is the right-left axis of the liver (x-axis in Figure 1 ) and the crack plan is vertical (xzplan in Figure 1 ). This result is consistent with the common assumption that forces controlling the failure are normal to the loading direction and oriented from the centre to the surface of liver because of the organ spreading.
On simulation, the maximal Von Mises equivalent stress reached is 0.040 MPa. As a comparison, the critical stress in traction for liver is between 0.066 and 0.386 MPa [9] which confirms that the model reaches an acceptable stress order at the end of the elastic phase of the compression. At this level, the areas of potential damage (three higher levels of Von Mises stress) are roughly relevant with the experimental cracks ( Figure 5 ) in term of location and direction. Failure is located only in the right lobe and is maximal near the hilum. However, in the simulation, the area is larger in the vertical direction (along the z-axis in Figure 1 ) and less extensive in the lateral one (along the x-axis in Figure 1 ). Notes the secondary cracks are not present with simulations. These results show that in first approximation the current model can be adapted to describe damage and failure of the liver.
Discussion and conclusion
This work describes an integrated approach coupling exploration, optimisation and robustness analysis.
Applied to the liver, this approach was used to isolate the admissible set of influent parameters including their potential variations to fit a hyperelastic law. A first set of parameters was defined to simulate in this FE model the liver behaviour up to the damage phase. For the material behaviour, accuracy could also be improved by adding viscous component to describe strain rate effects [2] .
The comparison between experimental damage location and model simulation was performed using stress distribution in the structure. The results obtained showed the same structure effects with high stress concentration on the middle part of the organ and confirmed assumption of opening and spreading failure modes within the liver structure. Damage evaluation could be improved determining a dedicated criterion. This point should be related to coupling of a damage model in addition to the initial behaviour law. Simulation results will best fit experimental observation by having a method to physically implement failure process in the model. At this stage and regarding meshing choices performed, a kill element method could be used. By the way, a more accurate modelling of the structure is necessary to improve description of the crack initiation and propagation. In particular, the main vascular structures which concentrate stresses and the global geometry which is different from one liver to another must be taken into account.
A strong variability was observed on experimental data. So in a further step, the objective will be to determine relationship between the variation ranges of parameters and the potential biological variability of the experimental population. At least, this methodology can be extended to more complex model such as hyperviscoelastic model including damage and failure.
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